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ABSTRACT

\ TW'eparation and purification of V and W antigens are described.
•-The methodS that gave the best results were:

.{a'3" The precipitation of both antigens from the supernatant fluid
of a 36 0 C-grown culture of strain M23 by use of amnnonium sulfate,

(,b) Chromatography on DEAE cellulose.

V antigen was eluted with 0.1 M NaCI and W antigen with 0.5 N NaCl.
Recycling both antigens on DEAE colk,.,ose resulted in a sample contain-
ing approximately 20 units of V antigen per m.lligram of protein (100-
fold purification) and no W antigen, and a sample containing 600 units
of W antigen per milligram of protein (1000-fold purification) and no

V antigen,

V antlgun is a protein wIth a molecular weight of 90,000 and W
antigen is a lipoprotain with a molecular weight of 145,000.

Both intigena W6re Itableýat-60"C, but not7 at 80*C, for 30 mintites.

water or pervaporation. Both antigens were reduced in titer by pro-
longed storage at D;U or Dy iyophiiizacion, but not by sutougnu -2&GO,

Baaed on the use of rabbit antisera containing only V antibody:oa
only W antibody, the conclusion was drawn that V antibody, but not W
antibody, can protact, mice against plague,
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I. INTRODUCTION*

Studies by Burrows and Bacon demonstrated that virulent strains of
Pasteurella pestis ,2 and Pasteurella pseudotuberculosisa producý two
antigens, designated V and W, that are not produced by most avirulent
strains, Biological effects associated with these antigens, as observed
by use of live V+W+ and V-W" strains, indicated that the antigens were
associated wich resistance to phagocytosis4 and were essential for the
aest live vaccine in mice.s Direct evidence on the activity of each
antigen depends on their separation and purification. This manuscript
summerizes our investigation into the biosynthesis, separation, purifi-
cation, and protective value of V and W antigens.

II. MATERIALS AND METHODS

A. STRAINS

r. azri; Strain M-23e was cho-zen because it appeared to produce
As much V and W antigens as any other virulent strain, but did not
p-rzduz-- a-t•ectabic •.•,n•..t c.f Fractionn !, Lq protelln-aarbohydr~te

complex usually preaent in large qtuatities In the supernatant fluid
of typical virulent strains of P. pestis. P. pastis strain Alexander
was used to challenge animals in passive protection experiments,

B. QUANTITATION OF ANTIGENS

V and W antigens were assayed by diffusing various dilutions of a
sample against a standard V or W antiserum in a gel plate under stand-
ard conditions. The greatest dilution that showed a visible band of
precipitate was considered to contain one unit of antigen per milliliter.
Purification results are expressed in terms of units of antigen per
milligram of protein, and the minimum number of antigens associated with
a sample as determined by diffusion against complex antinara.

* "In conducting the research reported herein, the investigators ad-
hered to "Principles of Laboratory Animal Care" as established by
the National Society for Medical Research.
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C. CHEMICAL AND PHYSICAL ASSAYS

Protein was measured by either the spectrophotometric method, which
relates protein concentration to the absorption of light at 215 milli-
micron, or the chemical method of Lowry. 9  Carbohydrate was measured
by the diphenylamine method.' 0  Lipid was estimated by the method of
Snyder and Stephens.lX Nucleic acid was calculated from the absorption
of light at 260 millimicrons. Molecular weights were calculated by the
gel diffusion method of Polson.12

III, RESULTS

V and W antigens are produced at 37%C but not at 26*C.2 However, at
370C, avirulent V'W" mutants are favored in many media, resulting in
little or no V and W antigen production. To avoid this, strain M-23 was
grown at 20C in Difco he&rt infusion brot1 for 24 hours and the cells

were sedimented and resuspended at 36 * C for 16 hours under various con-
ditions. This study- -rsulted -tn -th--fol-Lowtni--on#1ugion

(a) At least three per cant Bacto Caitone was necessary for the
,. . V an;d W .nt4-c,,

(b) Under these conditions, at lease 0.01 M sodium gluconate was
.esiential. Amonium gluconate was equally effective, and magnesium

gluconate doubled the production of V and W antigens., It has been.dem-
onstrated by Brubaker and Surgalla* that, under different cultural con-
ditions, energy sources other than gluconate can support the production
of V and W antigens.

(c) Calcium inhibited the synthesis of V and W antigens. This
observa.tion has been confirmed and extended by Zzubaker and Surgalla.*

(d) No synthesis of V or W antigens occurred in an atmospha . .of

100 pat Fant C02 , of 95 par cent N2 plus 5 par cant C02 , or ._L yaco.

I A. PRODUCTION OF ANTIGENS FCR PURIFICATION

On the basis of these findings, atsain N-23 was grown in Difco heart
infusion broth at 266C. 'the ceLls were saedimsuLad, resuspended in a
medium (300 milliIiters per two-liter .flask) of 5 per cent Bacto Casitone,
.0.04 sodfum.sluconate, and 0.04 M magnesium sulfate, and shaken at 368C
for 16 hburs, During the' 16-hoar incubation'period, the viable number of
microorganisms remained .t 0'xl.s to 2xlO per milliliter, and the pH

* Manuscript, in preparation.



7

remained near 7.0. The .;ontents of the flasks were pooled and the cells
permitted to settle overnight at 5VC. The clear supernatant fluid was
.... .....TphbfFfne-T-f r,-fl d through sintered glass, and brought to 3.0 M
with solid ammonium sulfate. The precipitated proteins were collected
after standing approximately one-half hour, pH 6, 500, resuspended in
a minimum amount of distilled water and dialyzed overnight against
cold distilled water.

A comparison of the supernatant fluid with the cell contents (ob-
tallied by sonication or acetone drying) indicated that the total amount
of V and W antigen@ was split about 50:50 between the calls and the
supernatant fluid, but the units of each antigen per milligram of
protein were twice as much in the supernatant fLuid. In addition, there
was a much higher concentration of nucleic acid in the disrupted cells.
Precipitation with 3.0 M ammonium sulfate and subsequent dialysis re-
suLted in a tenfold concentration and A fourfold-to fivefold purifica-
tion of both antigens.

B. PURnIFTCATTON~

-A ain•lt-ot-approxim o l-y-400 mid-1-i-L-iters of sterile suporma-
tant fluid that had been concentrated by ammonium sulfate and dialyzed
was used to determine the offectivwness of fractional increases of ammon-
iuum sulfa-te on tho purifitation of V and W antigens. A toen-milliliter
sampla (1.1 units V and W antigens per milligram of protein) was brought
to 1.2 M by the addition of 3.5 M ameonium sulfate, pH 7.01 held ten
minutes, and centrifused-at 27,.000 x g for five minutes. The precipitate
was resuspendld in distilled water and tested for V, W, and total protein.
The supernatant fluid was brought to 1.4M4, and-the procedure was repeated
until 2.2 M ammonium sulfate was reached. The results (Table I) indicated
that both V and W antigens were precipitated between 1.2 and 2.2 M, with
the maximum purification occurring at 1.8 M ( sixfold purification),

This experiment was repeated with the exception that each additional
increment of ammonium sulfate was allowed to equilibrate with the sample
overnight at 5%C..The results were easentially the same as those obtained
with ten-minute equI.,ibration,

The remainder of the 400-milliliter batch was brought to 1.4 M
ammonium sulfate, the precipitate removed, and the supernatant fluid
brought to 2.2 M ammonium sulfate. .h results indicated that 63 per cent
of both V and W antigens ware recovered in the 2.2 M precipitate with a
4.5-fold purification. Since considerable quantities of V and W were
precipitateq:Iat 1.4 M, subsequent batches were handled by taking the
material that precipitated between 1.3 and 2.2 M amonium sulfate.

I
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TABLE I.

FRACTIONATION OF V AND W ANTIGENS WITH AMMONIUM
SULFATE (10-MINUTE EQUILIBRATION)

Molarity V W Total
of ammonium Total Units/mg Total Units/m, protein
su f._te units protein units protein mR

1.2 20 0.3 10 0.1 67.0

1.4 20 0.8 40 1. 26.0

1.6 40 2.6 80 5.2 15.2

1.8 80 6.7 60 6.7 12.0

2.0 80 3.6 80 3.6 22.5

fluid) 0 00 0 72.2

Total* 260 310 223

Original"
material 320 1.1 320 1.1 296

a. Original matsrial was brought to the molarity indicated by the addition

of 3,.5 aumonium sulfate, pH 7.0.

2. Cellulose Chromatography

The wide application of various forms of ceilulc'se for the separa-
tion of proteins suggeated this method for the purificatio.i of V and W
antigens. Initially, ten-milliliter samples of materiil containing V and
W antigens (precipitated between 1.3 and 2.2 M awmonium sulfate) were ad-
sorbed on one gram of the £ollowing materials: (a) cellulose phosphate,
(b) carboxymethylcellulose, (c) aminoethylcellulose, and (d. diethyl-
aminoethylcellulose. Only the dieLhylaminuethyl (DEAE) cellulose ad-
sorbed all of Lhe V and W anti-ns, 'and this material was used for all
subsequent cellulose fractionation.
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In order to observe the behavior of V and W antigens on DEAE
eel-lulosae,--46 dLffereiit runs were performed. These experiments involved
many variables, such as the amount of protein per gram of cellulose re-

- quired to saturate a column, the resolution obtainable with a stepwise
elution versus a gradient elution, the use of regenerated cellulose
compared with unused cellulose, etc. An over-all view of the behavior
of these antigens on DEAE cellulose is shown in Table It.

TABLE II.

SUMMARY OF TYPICAL DATA OBTAINED ON THE
FRACTIONATION OF V AND W ANTIGENS ON DEAE CELLULOSE

Experiment Units/mg Protein
No. Antigen A/ Before After % Recovery

L . _ V 1.1 3.0 12
w 2.1 12,3

2 V 0.8 5.8 P3

W 3.2 182 13

W recyc led W 182 291 100

3 W 1.3 32 7

-- W recycled 32 620 100

4 V 0.9 2.1 40

W 0.7 71 60

5 V 1.0 !2.7 5 .

W 2.1 22

a. In all experiments shown, V antigen was eluted with 0.1 M NaCl and W
antigen with 0.5 M NaCI,

Ft
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These data are based on similar but not id-,,t!,l experinientb. We found that
the greatest adsorption of V antigen occurred when the sample was dialyzed
against distilled water and then placed on DEAE cellulose that had been
washed with 1 N NaOH, neutralized with 0.018 M potassium phosphate buffer,
pH 6.8, and thoroughly rinsed with diatijied water. W antigen was adsorbed
more than V antigen and, therefore, presented no problem ii processing large
quantities. The difference in the percentage recovered of V antigen may be
attributed to oversaturating the column in some cases.

The elution schedule used routinely was to wash the column stepwiae
with distilled water, 0.1 M, 0.3 M, and 0.5 M NaCI. The eluate flowed
through a silica cell and the amount ofprot@in it contained was estimated
with an improvised recording spectrophotometer consisting of a Bausch and
Lomb monochromatic light source (set at 280 millimicron) and a photosensitive
tube connected to a Brown recorder. Each fraction was eluted until the re-
corder indicated that the eluete contained no protein. Depending on the
amount of protein per gram of cellulose, a portion of the V antigen, but
never W antigen, could be found in, the distilled water wash. All the V
antigen that adsorbed to the c€lumn, but none of the W antigen, was eluted
...... ... _iK~th _Ma,_ Tk.IM Na•_l ealuate contained alarg. amount Cof.protin, _

bu -An24aen--and -usualyUv tao t an- -The- fAL"N&Clxel1uatt --
contained little protein, but most of the W antigen.

The use of DEAS cellulose for the purification of W antigen, as wall
as the separation of V and W antigens, was very effective, The average

figur for;oelllosa-ub~c a~o phy was- lid imit of -V per mlLga
protein and 64 units of W per milligram of protein after cellulose ehroma-
tography' This latter figure was increased to me much asc 20 by reacylift
the W-antign through a small IM celluloseaeolUnj Unlike-V-amtigem,
W antigan adsorbed strongly to cellulose, and even under conditions of.
high protein pei gram of callulose, all the W antigen was adsorted, Its

* • instability, to be discussed l-.ter, probably contributed -to-the poor re--
covory in soma cases. By use uf gel diffusion, it was demonstrated that
only W antigen could be detected when the puri.fied sample was diffused
against several complex ar, -i.. ...

The results ubtained with DIRA cellulose for the purification-of
V antigen were not as good as thoec obtained with W antien. In term of
units of V antigen per mllligi,-.i. of protein, the average valuawent frorý
1,0 before to 3.4 after cellulose chromatography. The percentage rectvered
was good only when the ratio oi protein to cellulose was small. Processing
large batches of V antigen on - 50-gram DiU cellulose column resulted in
most of the V antigen's being washed through with distilled w~ttr. For
example, with 125 milligrams of protein per gram of cellulose' the recovery
in the 0.1 M NaC1 eluate was 63 per cent, but with 2800 mill;grams of
protein per gram of cellulose, the recovery ini the 0.1 M NaC1 eluate was
snly five per cent. By use of geL diffusion, t minimum of five to seven
antigens were shown to be still present in the 0.1 M eluate. Recent
exp~riments, in which the 0.1 M eluete containing V antigen was.recycled on
DEAN cellulose and eluted stepwise with 0.06, 0.08, and 0.10 M HaCl, have
Yielded samples containing 20 units of V antigen per milligram of protein with
fairly good recovery.



1:

3. OLher Purification Methods

Several different purification possibilities were investigated
but discontinued because of their lack Of promise. Included among these
were calcium phosphate chromatography, continuous flow curtain electro-
phoresis, precipitation by cold methanol, acid precipitation, Zn'+- pre-
cipitation, fractional solubilization of an ammonium sulfate precipitate
by a gradient from 2.5 M animonium sulfate to distilled water, chromatography
on G25 Sephadex, and elutlon from specific antigen-antibody precipitates..
None of these methods improved on the results obtaired with ammonium
sulfate precipitation and DEAF, cellulose chromatography.

C. STABILITY OF V AND W ANTIGENS

Both V and W antigens were detected qualitatively afLar heating
purified samples for 30 minutes at 40*C and 600C, but not at 80'C or
l00 0C.

When 25 milliliters of a culture supernatant fluid were placed in a
dialysis bag (45-milli•etnr diameter) and dialyzed aginst 400 milli-
literm of distilled water at •VC-Vh constant agitation bY A manetic _ ..

;rirj,~l i,~ antige", but none of the V antiiigen, was cat ateir
two days. During the two-day dialysis period, -th prvtin xrmainad at
0.10 milligram per mi-l11ter. --

Repetition of this experiment again demonstrated the Ioss of V
antigen. Ten milliliters of a fraction precipitated between 1.) and
2.2 M alinonium sullate and containing ailght units of W antigen per mtilli-
liter were dialyzed against 250 milliliters of-distilled watar-at 5•0
with agitation. After one day, only four units of V per milliliter
ware present, ind tifour lays •d o Vi antiken was detected. The 250
milliliters of dialysate ware aoneen"•t4od to ton milliliter, and tested
in a gel plate, but contained no detectable W antigen.

The titer of both V and W-antigens graduahtydecreaued-during pro-
longed storage at 5C. For example, one of the beet batches produced
had a titer of 12 units of V antigen and 24 units of W antigen per millil-
liter of supernatant fluid, but dropped to eight units of V and 16 units
of W peo a.,ft!iliter after storage for three days at 5C. Samples of a
greater purity seemed more stable, but it was common to lons 50 per cent
of tho activity of both V and W antigens during storage for one to two
weeks at 54C. An example illustrating the effect of storage, dialysis,
and lyophilisation on a typical preparation of V and W antilgens is shown
in Table III.

The results of two lyophilization experiments demonstrated a 50 per
cent loss of both V and W antigens. For this reason, lyophilization of
materials was avoided.
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TABLE 11I.

EFFECT OF STOl!;oIE,-DALWYSIS,-AND-LYOPHILIZAT-ION ON-A----- . . ..
TYPICAL'i PREPARATION OF V AND W ANTICOS

Sample Total Unite of Antigen
V. w

* (1) Culture supernatant J,1lutd - 66,500

"(2) same as (I), inv..ubatsd at 50 for 3 days 6000• 32,000.

(3) ;ama as (2), dialyzad overnight 5800 11,200..

. (4) Same as (3), lyophilized and resuspended 3300 7600

- -... On:- •savers l-ocaaions--both crude-and-partcithy j-•" :iodV-and-V antigensem.. ..

Wctod is used routinely when a sample containing theas antigens is to be
;#6aji4-sara ttnaLw~aa _

In most of the methods used to purify V and V antigens, it is eesential
to .oncaiztruat the fractions obtgined in order to detect hv gel diffusion
methods the antigens originally present, Blces at leWo cv,-hal-f of both
V and W antigens were lost after lyophiltimtioný .'.thft matods of concen.
tratin8 proteins were tried. Pive milliliters of ' sample cont&inin eight

'Units of V and eight units of V antilgnse per- uLilitsr-were diluted to 100
milliltters with distille. water and pervaporated in a cellophane xac in
front of a large fan t,,eil only five milliliters rammined. Assay of the
material after conaentratLon by this method indicated that 100 per cent of
the V- autigen, but only 25 per cent of -the V_ antigen, was r.aovered.- Per.
vaporation was iseed subsequently to concentrate semples containing V
antilen. The method finally adopted for the concentrat-ic of V antigen was
to place the sample in a cellopbane sac and surrund the sac with Carboam
(polyethylene glycol compound 20-K)';* This material draws water, but not ,
protein) out of the sac. By thui method, a s8mple could bei~held at 3C

.and be concentrated 10 to 100 times with no lose of W antigen.

D. P.YSICAL AID CHIMICAL ANALYSIS

Three separate molecular weight determinations for each antigen vare
within.the range of :5,000 to 95,000 for V antigen and 140,000 to 130,000
for W antigen. On dry-weight basi., the best V antigen preparation
contained less thae /cne per cari t carbohydrate and nucleic acid and 100 per

/

'* Carbide and Cn•' •o'hmciCan,•~r 7 .Y
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_ -.-.cent_-.prote-'ai. The_bh.ý.t_W.antigea1_1 reaparati on containo.d 38 percent.lipid..
and 59 per cent protein. Other purified W antigen preparations contained
less than five per cent carbohydrate.. The lipoprotein natiurp of W antigen

•'co.relates vith the recent findifig that W antigen (M.W. - 145;000) appear-
ed less dense than V anti.gen (M,W. - 90,000) when both antigens were sed-
"imented ina@ sucrose denhJity gradient.

""Both V and W antigens were .destroyed by t;kypsin, as judged by lose
of ability to react with specific antisera in a gal plate•

E. IMMUNIZATION OF ANIALS . '. . ,-
Injeetion of either purified V or W antigens mixcd w,•t Freund's

adjuvant did not induce the formation of detectable antibodies in eithor
mice or gu•,ie• t•gs, but did induce antibody production in rabbits.
However, reweit experiments employing Algivant*a an- adjuvAntratiltad •
in the product;kn of both V antibody and If antibody in guinea pigo when
100 units (eooavaletnt to approximately- 1O0 maierogrram) oqfeLtheri JntLgen'-n

thc acivly lmmun- t u-

thee~atie~yAiuunSa. uisa~p~A -inl4muc iAha>V uL~~-u o

sation studies employing rAbbit serum conaiing-iaeither V antibody br
W antibody (Table IV). Rabbit anti-V #*rum injectad into the .rlioniaa
cavity of mL.c concomitantly with a 10T 'DD O dose of virulept j. js
strain Alexander protected all. the mice, Rabbit anti-_•W o:•/ t.rmal -

rabbit serum showed no prutective effect under- the same coniditions.

IV, DISCUS9ION'

One of the concluaions to be drawn from this work is the apparent
importance of V antibody and the lack of importance of W antibody in
protection against plapue. * The lack of passive protection of W anti-
body in mici (Table IV) supports the data of Burrows and Bacot that
guinea pit, antiserum containing measurable amounts of W antibody was
Ononprotective against P. yestis strain M1423 challenge in mice.

.. •by usu of live purine-dependent 'strains as vaccines, lprrows and
BaconP found V antigen to be poorly antigenic in mice and nonantigenic

in guinea pigs, Although our experience in vaccinating animals with
..-purified V antigen suppotta the impression that V is a poor antigen,
resulto with Algivant indicated that' it can induce antibody formation
even in guinea pigs. Tht. apparent importance of V antibody would make
an..'inveatigation. into r.thodsof increasing the antigenicity of V seem
worthwh` 1e.

Sol.ab Laboratories, Inc., Chicago Heights, Illinois



14

Unfortunately, V antigen was more difficult to purify than W antigen.
One promising possibility of increasing the purity of V antigen is the
use of density gradient centrifugation.

Although V and W antigens were always produced together (usually just
t•ice as many units of W antigen as there were of V antigen), there was
no evidence to support the idea expressed by Burrows and Bacon5 that one
antigen may be the precursor of the other. C'ilture supernatant fluids
containing known amounts of each antigen never increased in the concentra-
tion of one antigen at the expense of the other.

TABLE IV.

PASSIVE PROTECTION OF MICE AGAINST PLAGUE WITH
RABBIT ANTISERA CONTAINING V ANTIBODY OR W ANTIBODY

Dead/Total Challensedbi

Rabbit serum At Exp. 1 Exp. 2 Exp. 3

Normal 10/10 10/10 10/10

Anti-Vc-/ 0/10 - 0/5

Anti-WI/ 10/10 5/5 5/5

a. Five-tenths milliliter of rabbit serum was injected into the peritoneal
cavity concomitantly with the challenge dose. Three days later, another
0.5 milliliter of serum was injected via the same route.

b. Mice were challenged with approximately 1000 P. pestis strain Alexander
(100 tir-i the LD5 0 dose) via the intraperitoneal route.

c. Two difftirent antisera were tested.
d. Three different antisera were tested.



15

. ....... .. . .. .. ... ITERATURE CiTED C. . ...

1. Burrows, T. W.: "An antigen determining virulenoc in Pasteurella
pest•,s " Nature, 177:426-427, 1956.

2. Burrows, T, W., and Bacon, G. A.: "The basis of virulence in
Isasteurella pestis: An Antigen determining virulence," Brit.
J. Exptl. Pathol., 37:481-493, 1956.

3. Burrows, T, W., and Bacon, G. A.: "V and W antigens in strains of
X,\ýceurella pseudotuberculosis," Brit. J. Exptl. PFet'hol., 41:38-

44, 1960.

4, Burrows, T. W., and Bacon, G. A.: "The basis of virulence in
PLa.teurella peantie The development of resistance to phagocytes
in _i.-r " Brit. J. Exptl. Pathol., 37:286-299, 1956.

5,- Burrows, -T. -W., £_ndý Badd G -iaQ A. : -'"the, effeats -of -lame& of -differvant__
viruience dettermtnente on the viruience and immunognicicy of strains
-f ,!ikteurella Br.it" .Bai J. Zip•.t Pathdl., 3 "TM74291. 1958.

6. Burrows, T. W.: "Virulence of Pasteurella pestI1,"I Nature, 179:
1246-1247, 1957.

7. Lawton, W. D.; Fukui, 0. M.; and Surgalla, M. J.: "Studies of the
antiguns of Pasteurella cestis and Pasteuralla a eudotubeaoulosis"
J. Iirno1., 84:475-479, 1960.

,. Murphy, J. B., and Kien, M. W.: "Note on apeclroplotometrie deter-
mination of proteins in dilute solutions," Biochiaý Biophya Acts,
45:382-384, 1960.

9. Lowry, 0. H.; Rose brough, N. J.; Parr, A. L.; and la.ndall, R. J.:

"Protein measurement with the folin phenol reagent,'" J. Biol. Chem.,
193:255-275, 1951.

10. Aronoff, S,: "Tachniques of radiobiochemistry," Ames, Iowa State
-College Press, If-56. p. 105.

12. Snyder, r., and Stephens, N.: "A simplified spectrophotomatric
determination of ester groups in lipids," Biochim. Biophys.Acta,
34:244-745, 1959.

12. Poison, A.: "A nvethod for determination of diffusion coefficients
by the gel-precipitin technique," Biochim. Biophys. Acts r ?:
426-428, 1958.


